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Abstract
Background: The right hemisphere may play an important role in paralinguistic features such as the emotional
melody in speech. The extent of this involvement however is unclear. Imaging studies have shown involvement of
both left and right inferior frontal gyri in emotional prosody perception. The present pilot study examined whether
these brain areas are critically involved in the processing of emotional prosody and of semantics in 9 healthy
subjects. Repetitive transcranial magnetic stimulation was used with a coil centred over left and right inferior
frontal gyri, as localized by neuronavigation based on the subject’s MRI. A sham condition was included. An online-
TMS approach was applied; an emotional language task was completed during stimulation. This computerized task
consisted of sentences pronounced by actors. In the semantics condition an emotion (fear, anger or neutral) was
expressed in the content pronounced with a neutral intonation. In the prosody condition the emotion was
expressed in the intonation, while the content was neutral.
Results: Reaction times on the emotional prosody task condition were significantly longer after rTMS over both
the right and the left inferior frontal gyrus as compared to sham stimulation and after controlling for learning
effects associated with order of condition. When taking all emotions together, there was no difference in effect on
reaction times between the right and left stimulation. For the emotion Fear, reaction times were significantly
longer after stimulating the left inferior frontal gyrus as compared to the right inferior frontal gyrus. Reaction times
in the semantics task condition were not significantly different between the three TMS conditions.
Conclusions: The data indicate a critical involvement of both the right and the left inferior frontal gyrus in
emotional prosody perception. The findings of this pilot study need replication. Future studies should include more
subjects and examine whether the left and right inferior frontal gyrus play a differential role and complement each
other, e.g. in the integrated processing of linguistic and prosodic aspects of speech, respectively.
Background
In auditory language processing, distinct brain areas serve
different aspects of language. Language has been attributed
to the left hemisphere since Broca (1861) and Wernicke
(1874). Their studies showed that articulate speech and
verbal comprehension are disrupted by left but not right
hemisphere lesions [1]. Emotional prosody, a paralinguistic
feature of language, is characterized by intonation, loud-
ness and stress placement in speech. The emotional
prosody of spoken language may convey crucial informa-
tion about the emotional state of the speaker. Not only
what is said but also how it is said gives significant infor-
mation about the speaker’s true communicative intent and
is therefore crucial for proficient social interaction [2]. Stu-
dies examining the neural substrate of emotional prosody
perception have revealed a network including bilateral
regions in superior and middle temporal gyri and orbital
and inferior frontal regions. Some studies have also impli-
cated sub cortical structures such as the amygdala [3,4]
and the basal ganglia [5,6]. Lesion and imaging studies
have suggested that processing of affective prosodic infor-
mation may be differentially lateralized when compared to
linguistic, semantic processing. Whereas (in right-handers)
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any medium, provided the original work is properly cited.the left hemisphere seems to be specialized for semantic
and syntactic components of speech, the right hemisphere
appears to be dominant in non-lexical components, such
as affective prosody and gestural signs in communication
[7,8]. Lesion and imaging studies show, however, discre-
pant data to the extent of “right lateralization” of emo-
tional prosody processing. A study that directly compared
emotional prosody discrimination against discrimination
of emotional semantics revealed right lateralized activity
during detection of emotional prosody and left lateralized
activity as a response to emotional semantics [9]. A num-
ber of imaging studies have also shown right lateralized
activity during the perception of emotional prosody
[3,9-14]. Other imaging studies on emotional prosody per-
ception have however shown neural responses in both
right and left hemispheres [15-22]. Deficits in emotional
prosody perception have also been found after left hemi-
sphere lesions [23,24]. To further define the exact neural
substrate of emotional prosody perception and the extent
of its lateralization, we used transcranial magnetic stimula-
tion (TMS), a brain mapping technique that allows causal
inferences between neural activity and performance at a
behavioural level [25,26]. A recent TMS study provided
evidence of right-hemisphere involvement in emotional
prosody discrimination [27]. Increased reaction times were
observed after 12 min of 1 Hz TMS (90% of the motor
threshold) over the right fronto-parietal operculum rela-
tive to a left-hemisphere sham condition. This effect was
specific for emotional prosody discrimination and was not
found for discriminating emotional semantics. Detection
of withdrawal emotions and not of approach emotions in
prosody was delayed significantly by TMS, in accordance
with accounts of the neural implementation of approach
and withdrawal systems [28].
The region of interest, the right fronto-parietal oper-
culum, in the study of van Rijn et al., was based on a
lesion study from Adolphs et al. [23,27]. The present
experiment was a sequel and extension to the study of
van Rijn [27]. The target regions of our study were not
based on lesion studies, however, but on imaging studies
revealing an association with bilateral inferior frontal
gyri [14,21]. We used on-line TMS in order to test the
following hypotheses. First, both left and right inferior
frontal gyri are critically involved in emotional prosody
perception. Second, emotional semantics and emotional
prosody can be dissociated at a neuro-anatomical level.
Finally, there is a difference in lateralization between
withdrawal (fear) and approach (anger) emotions.
Methods
Participants
Ten subjects (6 females, 4 males), students from the
University of Groningen aged between 18 and 26 years
(mean 21.8, s.d. 2.6 years) participated in the study.
Right-handedness was confirmed using the Edinburgh
Handedness Inventory by using the scoring method:
(Total left - total right)/(total left + total right) * 100.
Results < -40 = left-handed, between -40 and + 40 =
ambidextruous and results > + 40 = right-handed. They
had at least a high school level of understanding of
Dutch (comprehension and reading). Participants were
screened for TMS exclusion criteria [29] and MRI
exclusion criteria. None had a (family) history of psy-
chiatric or neurological problems or implants. They
were given extensive written and oral explanation of the
procedures and signed an informed consent. The experi-
ment was conducted in accordance to the Declaration of
Helsinki and local ethics committee approval (University
Medical Centre Groningen).
Experimental setup
Structural scanning was done on a Philips Intera 3 T
MR-system at the BCN Neuroimaging Center, Gronin-
gen. The regions of interest were drawn in MRIcro a
few days before the TMS experiment by the primary
investigator and checked by another researcher until the
two reached consensus, see Figure 1. Number of voxels
per region of interest was ± 120, 1 to 2 cm, conform the
size of the region TMS affects [30]. The bilateral inferior
frontal gyrus was defined as BA 45/46 conform Ethofer
et.al. [21]. For the TMS procedure, subjects were seated
in a comfortable chair, in front of a computer screen
and a keyboard with coloured response keys. A neural
navigator (NeNa) was used to reliably localize the
desired stimulation areas, of the participant [31]. This
frameless stereotaxy device allows using a subject’s
structural MRI scan to navigate a TMS coil to the
proper location on the skull. At the beginning of each
TMS session the left and right inferior frontal gyri were
marked on a tightly fit rubber head cap. For TMS, we
used a MagStim Rapid magnetic stimulator (MagStim
Co, Whitland, UK) with a figure of eight coil with a dia-
meter of 70 mm for each loop. Then, individual motor
thresholds of the left hemisphere were determined using
the thumb (abductor pollicis brevis) movement proce-
dure [32]. Stimulation intensity was set at 90% of the
motor threshold, mean stimulation intensity was 52.1%
(s.d. 3.1). In one subject the stimulation intensity had to
be decreased from 59 to 54 because of an uncomfortable
feeling while stimulating the right inferior frontal gyrus.
In another subject we could not succeed in determining
the motor threshold, for this subject the stimulation
intensity was set at 50 of maximum output. Maximum
output of the TMS machine is 2.5 Tesla. The coil was
tightly maintained in a constant position with a special
developed arm. The orientation of the coil was set with
the handle pointing downwards, making an angle of 90°
with the midline of the head.
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The emotional language task consisted of two condi-
tions, prosody and semantics. These were matched in
design. In the affective prosody condition subjects had
to attend to the intonation of the voice and ignore the
neutral content. The sentences of neutral content are
pronounced in an emotional (anxious, angry) or neutral
tone of voice by two professional actors, a male and a
female voice, to control for individual and/or gender dif-
ferences in affective prosody. All sentences were Dutch.
Examples of the sentences with neutral content are,
“The old car drives through the streets of the capital”
and “Jan has been going to the hairdresser”.I nt h e
semantics condition, subjects had to attend to the emo-
tional (anxious, angry) or neutral content, and ignore
the neutral intonation. Examples of sentences with an
emotional content are, “Desperately he threw the glass
from the table” and “The face stared with a pale face”.
The sentences were selected from two different vali-
dated prosody tests [33,34]. The digitized stimuli for
both conditions were all of approximately equal length
(about seven words) and presented through two compu-
ter sound boxes (duration varying from 1560 to 3050
msec). The task was developed and presented using
Eprime software [35]. During listening, the emotions to
be discriminated, anger, fear or neutral, were presented
on the computer screen. The visual presentation of the
answer choices was included to aid subjects as to which
categories they were to choose from. Without the visual
presentation, subjects would have to memorize the dif-
ferent categories, and the task would have a stronger
working memory component. As soon as participants
identified the emotion expressed in the tone of voice,
they were required to use the index finger of their right
hand to make a “fear” response on a keypad, the middle
finger to make an “angry” response or the thumb for a
“neutral” response. Speed and accuracy were stressed.
TMS Procedure
At the beginning of each TMS session, subjects com-
pleted the positive and negative affect schedule
(PANAS), to assess their current affective state [36]
(Dutch translation from Peeters et al., [37], validated by
Boon and Peeters, [38]). Before the TMS stimulation
started, participants performed a practice task for one of
the two conditions (semantics or prosody) to get used
to the task. An on-line task design was employed, i.e.
participants completed the tasks during the TMS stimu-
lation. The design used was described in a recent study
on covert speech arrest induced by rTMS, done by
Aziz-Zadeh et al. [39]. The experiment ran in three
blocks of the same length, corresponding to the three
Figure 1 Region of interest, the inferior frontal gyrus, drawn in MRIcro.
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a sham condition; the areas of stimulation were the left
and right inferior frontal gyrus (IFG). A third condition
concerned the sham control condition, which was over
the right IFG. In the sham condition we used a placebo
coil, of which the manifestation and the clicking sound
are similar to a real coil. During (sham) stimulation of
each area 48 stimuli, consisting of 24 trials of each task
condition (semantics and prosody), resulting in 8 trials
per emotion (anger, fear or neutral), were presented.
Order of conditions and TMS stimulated scalp positions
were counterbalanced across subjects. RTMS during the
auditorally presented stimuli consisted of a train of
12 pulses at 5 Hz. The train was delivered starting
200 msec prior to stimulus presentation. A new stimu-
lus was presented every 10 sec. The time interval
between the TMS trains was 7600 msec. The TMS
blocks were separated by at least 30 min in order to
minimize the possibility of carry-over effects [40]. Parti-
cipants were instructed to respond as quickly and as
accurately as possible by pressing one of three coloured
keys on a keypad. The entire procedure took 160 min at
maximum in one session.
Statistical Analysis
Statistical analyses were performed using Statistical
Package for the Social Sciences 14.0.0 (2005). Accuracy,
described as percentage correct, and reaction times for
detection of emotion in semantics and prosody were
chosen as dependent variables. As participants per-
formed highly accurately (prosody condition 90% on
average (s.d. 4.7), semantics condition 92% (s.d. 7.9)),
only reaction times for correct trials were included in
the analyses. In the design used in this study, every
experimental trial was accompanied either by real TMS
or sham stimulation. A 2 × 3 × 3 repeated measures
ANOVA with task condition (prosody, semantics), TMS
condition (left inferior frontal gyrus, right inferior fron-
tal gyrus or sham) and emotion (fear, anger or neutral)
as within subject factors and ‘order of TMS conditions’
as between subjects variable was used to test the effect
o fT M So nd i s t i n c tl o c a t i o no nt h et w ot a s k sf o rt h e
three emotions. Given that we used a within-subjects
design in which subjects received different TMS (or
sham) conditions in one session, we had to take into
account learning effects as a result of repeated testing.
Learning effects due to repeated testing have been
shown in a variety of neuropsychological tests [41] and
can be so large that they might obscure experimental
effects. Therefore, the variable ‘order of TMS conditions’
was included as a between subjects factor in the
repeated measures ANOVA, to control for the order of
TMS conditions. One subject scored a percentage cor-
rect of 38% in the sham condition of the semantics task;
we excluded her results from the analysis because this
percentage is close to chance level. Results from nine
subjects were included in the analysis. Results with
p-values < .05 were regarded as significant.
Results
Mood and speed-accuracy trade off
One-factor repeated measures ANOVA, with TMS con-
dition as a factor, revealed that there was no relation
between the TMS conditions and the PANAS positive
and negative scales. Therefore, it is unlikely that differ-
ences in reaction times and accuracy scores between the
TMS conditions can be accounted for by changes in
mood. There was no speed-accuracy trade off effect: no
correlation was found between reaction times and accu-
racy scores. Results also did not reveal learning effects;
accuracy scores and reaction times were equal per
subject over the conditions. All effects were tested at a
significance level of p < .05.
Accuracy
With regard to accuracy, no significant differences
between the TMS conditions or any interaction effects
were found. Mean percentage correct in the semantics
condition was 92% (s.d. 7.9) and in the prosodic condi-
tion, 90% (s.d. 4.7).
Reaction times
For mean reaction times, a main effect of task was
found, F (1, 8) = 19. 4, p < .05. Longer reaction times
were found in the semantics condition than in the pro-
sody condition, mean reaction times were 2412 msec (s.
d. 629 msec) and 2063 msec (s.d. 443 msec) respectively.
Therefore both tasks were analysed separately.
Analysis on the prosody task, with mean reaction
times for the three TMS conditions (sham, left inferior
frontal gyrus and right inferior frontal gyrus) as within
subjects’ variable and order of TMS conditions as
between subjects’ variable, revealed a main effect of
TMS condition, F (2,8) = 13.4, p < .01. If all other vari-
ables are ignored, reaction times were different between
the three TMS conditions for the prosodic task condi-
tion. Contrasts revealed that reaction times were longer
a f t e rr T M So v e rb o t hl e f ta n dr i g h ti n f e r i o rf r o n t a l
gyrus as compared to sham, F (1, 4) = 13.3, p < .05 and
F (1, 4) = 15.7, p < .05 respectively. There was also no
difference between TMS over left inferior frontal gyrus
and TMS over right inferior frontal gyrus, F (1, 4) = 5.3,
p = .08 when comparing reaction times on the prosody
task. There was however, also an interaction between
TMS condition and order of TMS conditions, F (8, 8) =
20.2, p < .001. This indicates that differences in reaction
times between the TMS conditions in the prosodic task
condition (left IFG, right IFG and sham) depend on the
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found, the results shown in Figure 2 and the main effect
of TMS condition show that reaction times in the pro-
sody condition were longer after both left and right
TMS, after correction for order of TMS conditions. The
estimated means show that reaction times after real
TMS are longer, if the sham condition is included as
second or third condition.
To test the third hypothesis: there is a difference in
lateralization between withdrawal (fear) and approach
(anger) emotions, Emotion was added as a within sub-
jects’ variable. No difference between the three emotions
was found, p = .21 and no interaction between emotion
and condition, when taking into account the order of
TMS condition, p = .32. Therefore, the three emotions
should be analysed together. When looking at the sepa-
rate lines for the emotions in Figure 2, however, there
seems to be a difference between the TMS conditions,
for the emotion fear. When analyzing this emotion sepa-
rately, there is indeed a significant difference between
the three TMS conditions, after correcting for the order
of TMS conditions, F (8, 8) = 3.48, p < .05. Contrasts
revealed significant longer reaction times after stimulat-
ing the left inferior frontal gyrus than after stimulating
the right inferior frontal gyrus in detecting the emotion
fear from prosody, F (4, 4) = 9.48, p < .05). For the emo-
tion anger, no effect of condition was found, p =0 . 1 3 .
The difference represented in Figure 2 between the lines
representing fear and anger is not significant, no inter-
action was found between TMS condition and emotion,
Figure 2 Reaction times on prosody task for the three TMS conditions. Mean reaction times per TMS condition on the emotional prosody
task corrected for order of TMS conditions. Separate lines represent the three emotions, fear, anger and neutral.
Hoekert et al. BMC Neuroscience 2010, 11:93
http://www.biomedcentral.com/1471-2202/11/93
Page 5 of 8p =.32. Although the relation looks quadratic, contrasts
revealed no difference in reaction times between fear
and anger depending on the TMS condition, p = .12.
Analysis on the reaction times in the semantics task
condition, with TMS condition and Emotion as within
subjects’ variables and order of TMS conditions as
between subjects’ variable revealed no significant differ-
ences between TMS conditions and no interaction
effects.
Discussion
This pilot study was designed to test three hypotheses:
1) Both left and right inferior frontal gyri are critically
involved in emotional prosody perception. 2) Emotional
semantics and emotional prosody can be dissociated at a
neuro-anatomical level. 3) There is a difference in later-
alization between withdrawal (fear) and approach
(anger) emotions. The first hypothesis was supported by
the results of this pilot study. Participants were slower
in correctly classifying emotion from prosody during
TMS over both left and right inferior frontal gyrus as
compared to a sham condition. This indicates that both
the left and the right inferior frontal gyrus are crucially
involved in emotional prosody perception. Our findings
thus support a recent theoretical framework, proposed
by Schirmer and Kotz [42]. These authors argue that
both left and right are involved in the processing of
emotional prosody, albeit with different roles. More spe-
cifically, the right inferior frontal gyrus would be
involved in evaluative judgments, while the left inferior
frontal gyrus would sub serve the integration with other
co-occurring processes [42]. The target regions of the
present study were based on an imaging study of Etho-
fer et al. [21]. This study has lent support for a coopera-
tion of the left and right inferior frontal gyrus in
affective prosody perception, by testing their effective
connectivity [21]. These authors performed a connectiv-
ity analysis which indicated a flow of information along
parallel projections from the right posterior superior
temporal cortex to the bilateral inferior frontal cortices
[21]. In our study stimuli in the prosody condition con-
sisted of sentences with a neutral semantic content.
Both evaluative judgment of the prosodic intonation and
integration with co-occurring processes, like the integra-
tion with emotional semantic meaning from earlier
experiences, were needed to be able to choose the cor-
rect emotion. Inhibiting one of these two areas is
enough to deteriorate reaction times on this task.
Apparently, imaging studies have already shown the
involvement of both left and right frontal areas in emo-
tional prosody perception. As far as we know, this is the
first study with TMS showing the crucial involvement of
left and right inferior frontal gyrus in emotional prosody
perception, which gives a stronger test of causal
involvement. This finding leaves open a possible right-
ward asymmetrical activation at a temporal level, as has
been found in imaging studies [9,11,12,21]. No effects
were found on accuracy measures, this is as expected,
because virtual lesions induced by TMS generally mani-
fest in reaction times rather than in percentages correct
[43]. Our data did not show significant involvement of
the left inferior frontal gyrus in emotional semantics.
This is in contradiction with other studies examining
the neuro-anatomical substrate of processing emotional
information from semantics [9,27,44]. This might be
explained by the high inter-subject variability and the
sensitivity of the semantics condition. It could have
been that the sentences used as stimuli and the number
of emotions (the two emotions anger and fear and neu-
tral) in the semantics condition was too easy. Further-
more, the absence of effect in the semantic condition
can be due to lack of power. The second hypothesis of a
differential involvement of the right hemisphere in emo-
tional prosody and of the left hemisphere in emotional
s e m a n t i c st h a tw a sf o u n di na ni m a g i n gs t u d y[ 9 ]w a s
not supported by our data. Our study could not dissoci-
ate the processing of emotional semantics and emotional
prosody at a neuro-anatomical level. The third hypoth-
esis on a difference in lateralization between withdrawal
(fear) and approach (anger) emotions could also not be
supported by our data. Performances on both emotions
in the prosody condition deteriorated after rTMS over
left and over right inferior frontal gyrus. Interestingly,
the separate analysis of reaction times for the detection
of the emotion fear from prosody revealed significantly
longer reaction times after TMS over the left inferior
frontal gyrus as compared to stimulation over the right
inferior frontal gyrus. This finding is in contradiction
with accounts of the neural implementation of approach
and withdrawal systems [28] and with the findings from
a recent TMS study of van Rijn et al. [27]. In that study
however, a different brain area was targeted (fronto-par-
ietal operculum) and that study lacked a left TMS con-
dition. Furthermore, more emotions were included, not
only anger and fear, as in our study, but also happiness
and sadness. This could have made the task more sensi-
tive and did result in more trials after splitting in with-
drawal and approach emotions. Some limitations of
present study should be noted. The first concern is the
use of a placebo coil. Although its manifestation and the
clicking sound are similar to a real coil, it does not give
the same sensations as real TMS. That is, sensations are
absent for the placebo coil. We cannot exclude general
TMS induced effects on attention as a consequence of
the sensations. Other sham conditions however, also
have drawbacks. It has been shown, that tilting the coil
by 45 to 90 degrees, which is the most frequently used
sham condition, might still affect brain activity [45].
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a region that has never been related to the function of
interest. This method can also not be regarded as an
unaffected baseline, because it may cause the general
TMS induced effects on attention. Inclusion of temporal
cortex regions in the design could give a stronger test of
lateralization of emotional information processing in
both [21] semantics and in prosody.
Conclusions
In summary, our pilot data lend evidence from TMS for
a crucial involvement of both right and left inferior
frontal gyrus in emotional prosody perception consistent
with earlier fMRI findings [21]. The findings of this
pilot study need replication. Future research should
investigate whether the left and right inferior frontal
gyrus play a differential role and complement each
other, e.g. in the integrated processing of linguistic and
prosodic aspects of speech, respectively [42]. The num-
ber of subjects should be higher in future studies.
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